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Supplementary Methods 

Synthesis of TCCP. 

All chemicals were purchased commercially and used without additional purification 

except tetrakis (4-carboxyphenyl)-porphyrin (TCPP) which was synthesized in according to 

the previous report1. 

 

 

 

 

 

 

 

 

 

 

 

DFT calculations.  

The Gibbs free energy change under the zero electrode potential for each reaction step 

was calculated by the equation ΔG=ΔE+ΔZPE+Δ0→298H–TΔS, in which the metal-coordinated 

porphyrins were fixed after optimization and thus zero-point vibrational energy (ZPE), 

thermal energy (H) and entropy (S) contributions of them were excluded from the 

calculations. 
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Supplementary Figure 1. Preparation of catalysts. Schematic illustration of preparation of 

HNTM and HNTM-Au-SA.  
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Supplementary Figure 2. Nanostructure characterization of catalysts. TEM image of a,d, 

HNTM, b,e, HNTM-Au-SA and c,f, HNTM-Au-NP. 
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Supplementary Figure 3. Nanostructure characterization of HNTM-Au-SA. a, HRTEM 

image of HNTM-Au-SA (inset is magnified image of red square). b, STEM image of 

HNTM-Au-SA. (inset is magnified image). c, Line-scanning spectra of HRTEM-Au-SA. d, 

EDS elemental mapping of HNTM-Au-SA. 
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Supplementary Figure 4. Nanostructure characterization of HNTM-Au-NP. a,b, HRTEM 

image and STEM image of HNTM-Au-NP (inset shows magnified image of red square). 
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Supplementary Figure 5. Pore size distribution curves of HNTM, HNTM-Au-SA and 

HNTM-Au-NP.  
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Supplementary Figure 6. XPS spectrum of HNTM-Au-SA. 
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Supplementary Figure 7. Wavelet transform. a,b, Wavelet transform of Au foil and 

HNTM-Au-SA, respectively. 
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Supplementary Figure 8. Nanostructure characterization of HNTM-Cu-SA. a, 

Line-scanning spectra of HNTM-Cu-SA. b, EDS elemental mapping of HNTM-Cu-SA. 

 

 

 

 

 

 

 

a 

b 
C N 

O Cu Zr 



11 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 9. EDS elemental mapping of HNTM-Co-SA. 
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Supplementary Figure 10. Single-atom structure characterization. a,b, HAADF-STEM 

image of HNTM-Co-SA and HNTM-Cu-SA, respectively. 
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Supplementary Figure 11. Co and Cu atom structure characterization. a, Co 2p XPS 

spectrum of HNTM-Co-SA. b, Cu 2p XPS spectrum of HNTM-Cu-SA. c,d, The FT-EXAFS 

spectra of HNTM-Co-SA and HNTM-Cu-SA at Co and Cu K-edge, respectively.  
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Supplementary Figure 12. FE on HNTM-Au-SA in N2-saturared 0.1 M KHCO3. 
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Supplementary Figure 13. Isotope labeling study. a,b, Mass spectra of 12CO (m/z=28) 

formed on HNTM-Au-SA and HNTM-Co-SA, respectively. Insets show mass spectra of 13CO 

(m/z=29) when 13CO2 is used. c, 1H NMR spectra of the electrolyte after 12CO2 (blue 

spectrum) and 13CO2 (red spectrum) electrolysis. 
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Supplementary Figure 14. Photoelectrochemical performance of CO2 reduction on 

HNTM-Co-SA and HNTM-Cu-SA. a,b, LSV curves of HNTM and HNTM-Au-NP 

respectively in N2-(blue line)/ CO2-saturared 0.1 M KHCO3 under visible light (red 

lines)/dark (black lines). c,d, FECO of HNTM and HNTM-Au-NP respectively under visible 

light (red lines)/dark (black lines). Error bars are ±s.d.   
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Supplementary Figure 15. LSV measurements of HNTM-Co-SA and HNTM-Cu-SA. 

a,b, LSV curves of HNTM-Co-SA and HNTM-Cu-SA respectively under visible light (red 

lines)/dark (black lines).   
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Supplementary Figure 16. FE of HNTM-Co-NP and HNTM-Cu-NP. a,b, FE of 

HNTM-Co-NP and HNTM-Cu-NP respectively under visible light (red lines)/dark (black 

lines). Error bars are ±s.d.   
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Supplementary Figure 17. CO formation rate on HNTM-Au-SA (left) and 

HNTM-Au-NP (right). a,c,e, The mass-specific rate, area-specific rate and charge-specific 

rate of CO on HNTM-Au-SA respectively. b,d,f, The mass-specific rate, area-specific rate and 

charge-specific rate of CO on HNTM-Au-NP respectively under visible light (red bars)/dark 

(black lines). Error bars are ±s.d.   
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Supplementary Figure 18. HCOO- formation rate on HNTM-Cu-SA (left) and 

HNTM-Cu-NP (right). a,c,e, The mass-specific rate, area-specific rate and charge-specific 

rate of HCOO- on HNTM-Cu-SA respectively. b,d,f, The mass-specific rate, area-specific rate 

and charge-specific rate of HCOO- on HNTM-Cu-NP respectively under visible light (red 

bars)/dark (black lines). Error bars are ±s.d. Error bars are ±s.d.   
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Supplementary Figure 19. CO formation rate on HNTM-Co-SA (left) and 

HNTM-Co-NP (right). a,c,e, The mass-specific rate, area-specific rate and charge-specific 

rate of CO on HNTM-Co-SA respectively. b,d,f, The mass-specific rate, area-specific rate and 

charge-specific rate of CO on HNTM-Co-NP respectively under visible light (red bars)/dark 

(black lines). Error bars are ±s.d. Error bars are ±s.d.   
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Supplementary Figure 20. Photoelectrochemical measurements of HNTM-Au-SA. a, 

UV-vis spectra of HNTM, HNTM-Au-SA and HNTM-Au-NP. b, PL emission spectra of 

HNTM, HNTM-Au-NP and HNTM-Au-SA.   
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Supplementary Table 1. Structural parameters of HNTM-Au-SA and Au foil calculated 

from the EXAFS fitting. 

 

 

Error bounds (accuracies) were estimated as Coordination Number, ±5%; Bond length, ± 

1%;σ2 (Debye-Waller factor), ±5%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples 
Scattering 

pair 

Coordination 

Number 
Bond length σ2(10-3 Å2) 

HNTM-Au-SA Au-N 4 1.52 7.85 

Au foil Au-Au 12 2.59 7.28 
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Supplementary Table 2. Comparision of metal loading on HNMT-M-SA and 

HNTM-M-NP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Catalyst HNTM-Au-SA HNTM-Au-NP HNTM-Cu-SA HNTM-Cu-NP HNTM-Co-SA HNTM-Co-NP 

Loading 

amount 
0.07% 1.00% 0.35% 2.07% 0.59% 3.17% 
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Supplementary Table 3. Performance comparision of recently reported electrocatalysts 

towards CO2 reduction. 

 

 

 

 

 

 

 

 

 

Catalyst Major Product electrolyte 
Potential  

(V vs. RHE) 
FE 

TOFmax  

(h-1) 
Durability Ref. 

This work 

HNTM-Au-SA CO 0.1 M KHCO3 -0.8  95.2% 37069 
90% after 

24h  
This 

work 

HNTM-Au-NP CO 0.1 M KHCO3 -0.8  78.0% N/A N/A 
This 

work 

HNTM-Co-SA CO 0.1 M KHCO3 -0.8 90.4% 1864 N/A 
This 

work 

HNTM-Co-NP CO 0.1 M KHCO3 -0.8 81.6% N/A N/A 
This 

work 

HNTM-Cu-SA HCOO- 0.1 M KHCO3 -0.7 77.2% 1760 N/A 
This 

work 

HNTM-Cu-NP HCOO- 0.1 M KHCO3 -0.7 24.6% N/A N/A 
This 

work 

Porphyrin-based 

catalyst 

Cu-MOF 

nanosheets 
HCOO- 

1 M H2O/CH3CN 

solutions with 0.5 

M EMIMBF4 

-1.55 V vs. 

Ag/Ag+ 
68.4%  2037 5 h 2 

Fe-PB CO 0.5 M KHCO3 -0.63 100±2% 6280 
85% after 

24h 

3 

CoTPP–CNT CO 0.5 M KHCO3 -1.35 V vs. SCE 91% 280 

a slow 

catalyst 

deactivation  

4 

CoPP-PG CO 0.1 M HClO4 -0.6  ~60% 2880 N/A 5 

Photoelectrocatalyst 

Ru(bpy)2dppz-

Co3O4/CA 
HCOO- 0.1 M NaHCO3 -0.6 V vs. NHE 86% 122 8 h 6 

Ag-supported 

dendritic Cu 
hydrocarbons 0.1 M CsHCO3 -1.0 V vs. SCE 79±6% -- 20 days 7 

Cu−Co3O4 

NTs 
HCOO- 0.1 M Na2SO4 -0.87  77.5% -- 8 h 8 

FeS2 

/TiO2 NTs 
methanol 0.1 M KHCO3 -1.2 V. SCE 39.8% -- 350 min 9 
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